Aggression is a behavioral trait that has important implications for many issues in behavioral ecology at both the individual and group level, including variation in individual fitness, mating patterns, social dynamics, and group fitness. Here, we examine the effects of aggression and hyperaggression (the tendency of some males to aggressively attempt to mate with other males or with pairs) on male and female behavior and group and individual mating success in stream water striders (Aquarius remigis). Our results showed that males displaying hyperaggressive behavior play a keystone role in reducing group mating by reducing the activity, aggression, and use of open microhabitats by other males who share a pool with hyperaggressive males; that is, group selection acted against hyperaggressiveness. In contrast, the presence of hyperaggressive males had little detectable effect on the behavior of females. This was likely due to offsetting effects where negative effects of hyperaggressive males on female activity or use of open microhabitats were countered by hyperaggressive males reducing harassment of females by non-hyperaggressive males. On average, hyperaggressive males gained little or no mating benefit from their behavior although there was a trend for the most hyperaggressive males to gain higher mating success than other males in the same pool.
INTRODUCTION
Recent work on animal personalities (or behavioral syndromes) has reinforced the long-standing interest in understanding implications of individual di erences in aggressiveness Sih, Bell, Johnson, and Ziemba 2004; Bell and Sih 2007; Koolhaas et al. 2007; Colléter and Brown 2011) . Because aggressiveness and activity are often positively correlated, the behavioral syndrome approach emphasizes the value of considering these 2 behavioral traits together (e.g., Pintor et al. 2009; Colléter and Brown 2011) . In a mating context, male-male competition for access to females often favors males that are more active (thus encountering more females) or more aggressive (thus more likely to exclude other males from accessing females; Schuett et al. 2010; Muller et al. 2011) . At a group level, a simple expectation is that groups of males that are more active in searching for females should have higher mating activity than groups of less active males. In contrast, e ects of the group's mean aggressiveness on group mating activity are not as clear-cut. Low group aggression along with low activity seem likely to result in low mating activity; however, too much aggression can also result in low mating activity due to costly loss of time or energy and perhaps risk of injury in aggressive interactions. This reflects a core idea in game theory that the groups' overall behavioral type (BT)-for example, the relative frequency of more versus less aggressive individuals-should a ect both the fitness of each type and overall social dynamics and group outcomes (Maynard Smith 1982; . Although this is a classic core idea in behavioral ecology, few studies have experimentally tested how a group's average activity-aggressiveness actually a ects group mating dynamics and mating activity (but see Sih and Watters 2005; Eldakar, Dlugos, Pepper, et al. 2009; Eldakar, Dlugos, Wilcox, et al. 2009 ).
The possibility that high aggressiveness can be good for the aggressive individual but bad for the group makes it a potential example of the "tragedy of the commons" (Hardin 1968) , the classic conflict between individual and group selection (Wilson and Wilson 2007; Kokko and Heubel 2011; Rankin et al. 2011) . In particular, exciting recent work noted that this conflict can apply to aggressiveness in the mating context where highly aggressive males can not only enhance their own mating success but also disrupt the group's overall social and mating dynamics, thus reducing overall group mating activity (Eldakar, Dlugos, Wilcox, et al. 2009; Eldakar and Gallup 2011) .
In systems with both male-male competition and male-female sexual conflict (e.g., via sexual coercion or male harassment of females; Arnqvist et al. 1996) , the negative impacts of highly aggressive males on the overall group's mating success can come either via suppression of the activity of other males or via suppression of female activity or both. For understanding behavioral evolution, and in particular, responses to male aggression, it is important to know whether the behavioral mechanisms involve male-male competition, male-female conflict, or some combination of the two.
Notably, in some, perhaps many systems, overall social dynamics can be disrupted by a single male, who displays particularly aggressive behavior termed a hyperaggressive male (HAM; Sih and Watters 2005) . A HAM is an example of a keystone individual, one who has a disproportionately large e ect on the group's overall social dynamics (Sih and Watters 2005; Flack et al. 2006; Sih et al. 2009; McCowan et al. 2011) . Although it has long been known that aggressive "despots" can force others into suboptimal choices and thus reduce the fitness of others in the group (Fretwell and Lucas 1970; Calsbeek and Sinervo 2002) , and although negative keystone individuals have often been noted anecdotally, relatively few studies have quantified their impacts in any detail-how and how much do they reduce the overall group's mating success? In particular, in terms of mechanisms, do their negative impacts come through negative impacts on males, females, or both?
In recent years, a focal system for studying the above issues has been the stream water strider, Aquarius remigis-a system where male-male competition and male-female sexual conflict both clearly have major e ects on mating patterns (Wilcox 1984; Sih and Krupa 1995; Arnqvist et al. 1996; Sih et al. 2002; Fairbairn et al. 2003 ) and where HAMs have been observed having major negative impacts on the group's overall mating activity (Sih and Watters 2005; Eldakar, Dlugos, Wilcox, et al. 2009 ).
Study system
The stream water strider, A. remigis, is a common, abundant, semiaquatic insect that is often found skating or resting on the surface of small stream pools, feeding on organic matter (e.g., insects) trapped on the water surface. In Central California, their breeding season lasts from late February to early June depending on the weather. Their mating system is characterized by reluctant females and eager males where males coerce copulations without courtship by jumping on and struggling with females to commence mating. Females heavily resist male mating attempts; only 15% on average of male mating attempts are successful (Rowe 1992) . Once mated, females carry males on their backs in copulation for 30 min to 12 h or more, with an average of 3-6 h (Sih et al. 1990 (Sih et al. , 2002 . Most sperm transfer occurs in the first hour; the remaining time spent in copula appears to represent mate guarding to reduce sperm competition associated with a last male mating advantage. Extended copulations increase the proportion of eggs a male fertilizes (Rubenstein 1989; Campbell and Fairbairn 2001 ; but see Vermette and Fairbairn 2002) . Many individuals mate one or more times each day. On average, adult A. remigis spend roughly 40% of their time in copula throughout the spring mating season (Krupa and Sih 1993) .
Females do not apparently gain genetic benefits from multiple mating. Instead, females experience high-energy costs, reduced mobility, and increased predation risk from carrying a male (Fairbairn 1993; Watson et al. 1998) . Paired females, however, experience less male harassment than single females and are thus able to feed in relative peace. As a result, to avoid males, single females spend much of their time hiding in refuges at the edge of streams where food is scarce, only entering the center of pools when hungry, where they are immediately harassed by males attempting to mate (Wilcox 1984; Krupa and Sih 1993; Rowe et al. 1994) . Pairs still experience some harassment, as males tend to be indiscriminate in jumping on and initiating a mating attempt with other water striders, females, males, or pairs.
Most males always immediately dismount (in <1 s) other males or pairs that they jump on; however, a few males regularly exhibit hyperaggressive behavior, which involves extended struggles with other males and pairs in an apparent attempt to mate with males or to separate pairs in order to take over the female. These struggles typically last for >10 s (but sometimes last for minutes or occasionally, even >1 h) and can be characterized as wrestling matches with tumbling and somersaulting across the water. Attempts to mate with males are, of course, futile, and attempts to take over females are rarely successful. We call an individual male "hyperaggressive" if he exhibited hyperaggressive behavior during >10% of our behavioral observations (see Methods for details). In several studies, we found that about 10-20% of males are hyperaggressive during 10-20% of the experimental time, typically for a few hours at a time at irregular intervals (Sih and Watters 2005; Sih A, unpublished data) . A few males (<5%) are hyperaggressive day after day (e.g., for most of the 5-to 7-day duration of an experiment).
Some studies have found that a male's aggressiveness is positively correlated with mating success (Weigensberg and Fairbairn 1994) . Others, however, found a nonlinear relationship between mating success and mean group BT, where groups with low and very high activity-aggression had lower mating success than intermediate activity-aggression groups (Sih and Watters 2005) . High activity-aggression groups often included HAMs-negative keystone individuals that reduced average mating success in pools in which they are present by causing females to spend more time in the ri es where little mating occurs, thereby reducing female availability (Sih and Watters 2005) . Sih and Watters (2005) did not study enough HAMs (N = 5) to assess individual selection on hyperaggressiveness. However, in follow-up studies, Eldakar, Dlugos, Wilcox, et al. (2009) found that HAMs tend to have higher mating success than non-HAMs in the same pool. This suggested a "tragedy of the commons" scenario in which females were the overexploited resource.
Here, we built on and extended the earlier studies by Sih and Watters (2005) , Eldakar, Dlugos, Pepper, et al. (2009), and Eldakar, Dlugos, Wilcox, et al. (2009) in the following ways. First, after quantifying individual di erences in male activity and aggressiveness (an overall BT), we experimentally created groups with males of di erent average BT to examine e ects on both male and female behavior and on mating success. As noted above, except for the recent work on water striders, few studies have done this. Our study mirrored earlier papers on water striders (Sih and Watters 2005; Eldakar, Dlugos, Pepper, et al. 2009; Eldakar, Dlugos, Wilcox, et al. 2009 ), but with a much larger number of social groups. Second, we focused on e ects of HAMs-as defined by Sih and Watters (2005) , but not as defined in later articles by Eldakar, Dlugos, Wilcox, et al. (2009) -as negative keystone individuals, on group mating success, and in particular, we examined whether these e ects were due to negative impacts of HAMs on the activity of other males, on female activity, or both. Finally, focusing on these HAMs, we quantified individual selection on hyperaggressiveness, testing in particular, whether HAMs attain higher mating success than other males in the same pools, and whether the relative mating success of HAMs depended on the proportion of time that they spent being hyperaggressive.
METHODS

Collection and preexperimental setup
Water striders were collected from the Stebbins Cold Canyon, University of California Natural Reserve on 3 and 23 April 2010 for 2 replicate blocks of experiments. For block 1, 150 adult males and 150 adult females were collected and for block 2, 130 males and 130 females were collected. These numbers allowed for experiments of 96 males and females for each block with replacement animals available for individuals that disappeared or died before the end of the experiment. When the experiment ended, all surviving water striders were returned to Cold Canyon.
For both blocks, before the experiment began, water striders were randomly assigned into groups of 24 males and 24 females and held for up to 5 days in the lab in one of four 150 × 60 cm fiberglass tanks filled to a depth of 7 cm with circulating water and covered with window screening to prevent escape. A fifth tank held additional animals. We added 15-20 pieces of styrofoam to each tank to provide resting areas and refuge. Each morning, 20 frozen 3-week-old crickets were provided to each tank as food.
Water striders were individually marked (with a paint pen) on their dorsum with a number unique to their stream (see below). Females were further given color dots on their dorsum just below their eyes so they could be individually identified even when carrying a male on their back.
Experimental setup and behavioral data
During the experiment, water striders were placed in 1 of 4 outdoor artificial stream systems that were sheltered by a roofed structure with open sides that allowed in natural light, but protected the streams from full, direct sunlight and rain. Each stream consisted of five 1.5-m diameter cylindrical plastic pools filled with well water to a depth of 40 cm and connected by 137 × 30 cm fiberglass troughs. Continuous input of well water in the upstream pools produced water flow that simulated the flow of pools and ri es found in natural streams. Each pool had 4 blocks of styrofoam (about 8 × 8 cm extending about 4 cm above the water line) anchored along the edges that striders used as resting sites (refuges from harassment). Numerous previous studies on water striders have been conducted in these (or similar) seminatural streams (e.g., Krupa 1995, 1996; Sih et al. 2002; Sih and Watters 2005) . For each stream, only 4 pools were used because of concerns about relatively poor surface water quality in the fifth, most downstream pool. In the middle of each ri e, a plastic screen structure was added that allowed water flow but kept water striders from moving between pools such that we had a total of 16 experimental arenas consisting of the pool itself and short ri es both upstream and downstream. This di ered from Sih and Watters (2005) that only had a downstream ri e for each pool.
Six males and 6 females (all individually marked) were added to each pool. Densities and sex ratios were maintained throughout the experiment by the addition of replacement animals when individuals were lost. Each block of the experiment consisted of two 5-day stages, with 2 types of behavioral data collected during both stages between 900 and 1800 hours. Water striders are largely inactive during the cooler, darker times of the day and thus no records were kept at night.
The first type of data collected was hourly spot checks used to record each individual's microhabitat, activity, feeding, or mating status, and if mating, the identity of their mate. We identified the following microhabitat categories: in the ri e (= in the upstream or downstream ri es connecting pools) versus in the pool. When in the pool, animals could be in refuge (= resting on the styrofoam blocks or up o the water on the vertical sides of the tank) versus on the water. If on the water, animals could be along the edge (= within 10 cm of the sides of the pool) versus in the center. Animals were classified as active if they were in the center of the pool (>10 cm from the edge) or along the edge but moving (propelled by midlegs). Animals were classified as feeding when their feeding proboscis was in contact with a cricket (or other insect that fell in naturally). From these data, we calculated the proportion of time each single male was active during each stage to use as a component of BT (described further below).
The second type of data came from two 6-min continuous observations per day per pool to record interactions between individuals and determine aggression and hyperaggression scores for each single male. These data were collected between 1200 and 1800 hours when striders were most active. Earlier work (Sih A, unpublished data) using longer continuous observations showed that interaction rates are high enough that a 6-min observation is su cient to yield estimates of individual aggressiveness and, in particular, hyperaggressiveness that are reasonably stable over several hours or even days. Interactions recorded included the following: approachinteractions in which no contact occurred but one individual slowly moved toward another, chase-extended interactions between individuals where no contact occurred but one individual moved rapidly behind the other, touch-interactions with physical contact but no attempt to mount, jump-attempts to mount other individuals with no struggle, and struggles-extended physical contact consisting of wrestling, rolls, somersaults, and so forth.
Previous work suggested that because interaction rates depend strongly on not just the focal individual's behavior but also on the number, location, and activity of other individual's in the pool, counts of numbers of interactions provide a poor measure of an individual's aggressiveness (Sih et al. 2002 ). If, for example, a highly aggressive male has chased all other individuals into hiding, he will typically have only a few interactions (that might be highly aggressive) and would thus be judged by behavioral coding (counts) as unaggressive. Thus instead of using counts, following previous studies, we used a behavioral rating system (Sih et al. 2002; Sih and Watters 2005) with aggression scores on a scale from 0 to 3, where a score of 0 indicated males that had little to no movement and did not initiate interactions during the observation; 1 indicated males who moved around pools, touched other individuals, and showed occasional jumps; 2 indicated males that moved around pools and jumped most individuals encountered, but only struggled with females; and 3 indicated males that actively followed other individuals and had extended struggles with most individuals encountered (females, males, or pairs). Half-point (0.5, 1.5, and 2.5) scores were assigned to males that were between categories. For example, a score of 2.5 was given to a male if he jumped most individuals encountered and occasionally struggled with males or pairs. A male was considered to be hyperaggressive only if he received a score of 2.5 or 3. To minimize observer e ects on scores, these ratings were all done by the 2 coauthors with cross-checking and discussion, and each of the 2 sets of observations on all 16 pools in 1 day was done by a single individual. Most importantly, there is no ambiguity about whether a male exhibited hyperaggressive behavior; hyperaggressive behavior is very obviously di erent from "normal" male behavior after encountering a male or pair.
After stage 1, the proportion of time active and the average aggressiveness score of each individual male (described above) were combined into a principle component (PC) score representing the individual's activity-aggression BT. Activity and aggression in stage 1 were significantly positively correlated (r = 0.67, N = 172) and both loaded positively on PC1 (loadings: activity = 0.707; aggression = 0.707). Using these activity-aggression BT values, we then reassigned males in stage 2 to one of three treatments-high, medium, or low average BT pools-to directly explore the e ect of group social composition on social dynamics and mating success. In each stream, we had 1 pool with high average BT, 1 pool with low average BT, and 2 pools with medium BT, but di ering in within-pool BT variation. The medium BT group with larger variation in BT (including individuals with high, medium, and low BT) was always in pool 4 (the furthest downstream pool) and was used, as necessary, to replace individuals in the other 3 pools that died or disappeared. Densities and sex ratios were also kept stable in pool 4 using replacement animals kept in onsite indoor facilities. The other 3 treatments were randomly assigned to the top 3 pools. At the end of stage 2, activity-aggression BTs were again calculated for each male to determine his BT during stage 2 alone.
Each day, 4 frozen crickets were added to each pool every 2 h shortly after a spot check such that water striders were not food limited. Dead crickets were removed at the end of each day to prevent buildup that could foul the water or attract insectivorous birds.
Statistical setup
To examine factors a ecting group outcomes (behavior, mating, or feeding for males, females, or pairs), the unit of analysis was the pool (social group), where observations were combined for animals in each of 3 major categories: single males, single females, or paired females for each pool in each 5-day stage. Paired males were excluded from analyses because while mating, males are largely passive passengers on females and rarely feed. Thus, all activity and microhabitat preferences of pairs are as a result of female decisions.
For each stage and each pool, we calculated the proportion of all observations of all animals in a particular category where animals were active, feeding, or mating. The activity-aggression BT of a given pool during a given stage was the average BT of the males found in that pool. The average aggression level for each pool in each stage was the sum of the aggression scores assigned to single males in that pool.
To calculate the proportion of time that individuals in each pool in each stage experienced hyperaggression (eHA), we first estimated the number of hours that each male was hyperaggressive each day by multiplying the number of hours that he was single on a given day by the proportion of continuous observation periods that day where he was hyperaggressive (0, 0.5, or 1) including only those observations when he was single. Using the estimated hours of hyperaggression, for each pool, we calculated eHA by dividing the number of hours that any male displayed hyperaggression in that pool by the total number of hours that the pool was observed. We also summed the numbers of hours that each individual male was hyperaggressive across the entire stage to estimate the proportion of time that each individual male was hyperaggressive during the stage (iHA for each male). Males with an iHA score ≥ 0.1 were considered to be HAMs; males with iHA < 0.1 are termed "non-HAMs." Almost all non-HAMs were never hyperaggressive (iHA = 0). To emphasize, because hyperaggression is a specific behavior (tendency to struggle with males or pairs) that is distinct from aggressiveness per se, individuals and pools (groups) have both an activity-aggression BT and a hyperaggression score (iHA for individual males, and eHA for the group).
For mating success per individual, we calculated the proportion of time that an individual was observed mating (mating activity), the average duration of its mating events (mating duration in hours), the number of mating events during a stage (mating frequency), and the number of di erent mates that individual males and females had during a stage (mating number). We then averaged these metrics for all males in each pool. In addition, in pools that contained HAMs (i.e., that eHA at least 10% of the time; eHA > 0.1), we calculated mean behavior and mating success for all HAMs and all non-HAMs separately. This allowed us to examine how the presence of HAMs influenced outcomes for other animals in their pool.
To determine microhabitat use, we divided location data into a series of measures at di erent spatial scales: 1) pool versus ri e; 2) if in the pool, refuge versus on the water; 3) if on the water, center versus edge. Ri e use was the total number of observations an individual was found in the ri e microhabitat divided by the total number of observations for the stage. Refuge use was the total observations in refuge divided by the total observations in the pool (as opposed to being in the riffle), where refuge was defined as observations on the walls of the pool or on styrofoam blocks where little mating occurs; and edge use was determined by total observations in edge microhabitat divided by the total observations in the pool, but not in refuge. Although mating interactions can happen anywhere, in water striders, they tend to occur more often on the water, in the center of the pool (Wilcox 1984; Krupa and Sih 1993; Lauer et al.1996; Sih and Krupa 1996) . All proportions were arcsine square root transformed.
Statistical analyses
To examine e ects of HAMs on various pool-wide responses, we ran ANCOVAs with the pool's hyperaggressiveness score (eHA) as the covariate and block, stage, stream, and pool number (1-4 going from upstream to downstream) as factors. Block and stage accounted for time of season and weather di erences, whereas streams varied in that those near the perimeter received more wind and those near the southern perimeter received more sun. Pools varied in their surface flow pattern and build up of surface organic matter (e.g., algal scum) with the top pool receiving the highest surface flow with the least particulate matter.
To examine e ects of experimentally determined average male BT in stage 2 on various pool-wide response variables, we ran ANCOVAs including block, stream, and pool as factors and the pool's average initial BT (based on behavior in stage 1) and eHA as covariates. For this analysis, we only included the pools that di ered in average BT (high, medium vs. low male activity-aggressiveness, all with relatively low variance in BT) that were randomly allocated to pools 1-3 in each stream.
To contrast the behavior of single males versus single females, and the behavior of single females versus paired females, we used paired t-tests, pairing average values for animals from the same pool. To examine the relative importance of male versus female behaviors in governing patterns of mating success, we examined how variation among pools in the activity, feeding, and microhabitat use of males versus females explained variation among pools in mating success. We first performed separate principle component analyses for single males (PCm) and single females (PCf) including data for activity, feeding, and microhabitat use. All behaviors were arcsine transformed before use in the principle component analyses (PCAs). We then ran an ANCOVA with PCm and PCf as covariates and block, stage, stream, and pool as factors.
To quantify within-pool, individual selection on hyperaggressiveness (in particular, whether HAMs have higher mating success than non-HAMs who shared a pool with a HAM), we performed a paired t-test comparing the mating success of HAMs (almost always only 1 HAM in a given pool) with the average mating success of non-HAMs in the same pool. To further test the possibility that the relative mating success of HAMs and non-HAMs in a given pool might depend on how often the one HAM in a pool was actually hyperaggressive, we performed linear regressions to examine the e ects of the individual HAMs frequency of hyperaggressiveness (iHA) on 1) the mating success of that HAM, 2) the mating success of non-HAMs in the same pool, and 3) the di erence in mating success between the HAM and the average for the non-HAMs for each pool that contained a HAM. All variables were log transformed for these analyses. Following recent arguments against the use of Bonferroni corrections (Moran 2003; Nakagawa 2004 ), we did not correct for multiple tests; however, because almost all of our significant P values for HAM e ects (i.e., for our main questions of interest) were far lower than 0.05, this had little or no e ect on qualitative conclusions.
RESULTS
Pool-level averages (and standard errors) for mating outcomes were as follows: mating activity, mean = 0.33 (0.02); mating duration, mean = 2.05 (0.11) h; mating frequency, mean = 5.46 (0.24); and mating number, mean = 3.37 (0.11). Figure 1 shows average values for various aspects of behavior for single males, single females, and pairs (N = 64 pools). Relative to males, single females showed lower general activity (t = 15.078, degrees of freedom [df] = 63, P < 0.001) and higher use of ri es (t = −5.685, df = 63, P < 0.001), refuge (t = −12.085, df = 63, P < 0.001), and the edge microhabitat (t = −11.988, df = 63, P < 0.001). When females were paired (mating with a male), however, they exhibited higher general activity (t = −2.743, df = 63, P = 0.008) and lower use of ri es (t = 8.706, df = 63, P < 0.001) and refuge (t = 18.473, df = 63, P < 0.001) than single females. Single females fed more often than single males (t = −5.966, df = 63, P < 0.001) and paired females fed more than single females (t = −5.504, df = 63, P < 0.001). These are all hallmarks of female responses to harassment by males (both HAMs and non-HAMs) that have been observed in previous studies of water striders (Wilcox 1984; Sih and Krupa 1995) .
Factors affecting variation among pools in behavior and mating success
HAMs were seen reasonably often (in 26 pools out of 64, or 41% of pools), appearing in all treatment groups, but we saw only 1 instance in which 2 HAMs were in a pool at the same time. ANCOVAs using data from all pools in both stages (N = 64 pools) revealed strong negative e ects of HAMs on mating success. A higher proportion of time with a HAM present (higher eHA) was associated with lower overall group mating activity, mating frequency, mating number, and average mating duration (Table 1 ; because results for mating success are very similar for males and females, we only show ANCOVA results for males). These patterns held for both non-HAMs and for all males (including the HAM).
The negative e ects of HAMs on pool-wide mating success were due in part to reduced male general activity and an increased tendency of other males to apparently hide from harassment by HAMs. As the proportion of time a pool eHA increased, non-HAMs tended to show reduced activity and aggressiveness and also increased use of ri es, refugia, and edge habitats (Table 2) . However, when considering all males (including HAMs), some of these trends were not observed. This was likely due to the fact that although HAMs suppressed the aggressiveness of others, the HAM was highly aggressive such that the average aggression level of pools with HAMs versus without HAMs was similar. In the absence of a HAM, pools often had several slightly moderately aggressive males, whereas with a HAM, pools typically had the one very aggressive male with all other males exhibiting little or no aggressiveness.
Interestingly, female behavior was largely una ected by the prevalence of HAMs (ANCOVA results not shown because for almost all variables, P > 0.10 for the eHA e ect). The only exception for either single or paired females was that a higher prevalence of HAMs was associated with reduced female oviposition rates.
Focusing on stage 2 where we experimentally created groups with di erent average initial BTs, ANCOVAs showed that, as expected, pools with higher initial BT (based on behavior in stage 1) exhibited higher male activity and aggression in stage 2 (both P < 0.05). Initial BT, however, did not significantly explain variation in stage 2 for any of the mating success variables or for male feeding or habitat use. Instead, in parallel with results using data from both stages, behavior and mating success in stage 2 were largely explained by the prevalence of hyperaggression (eHA). Pools with a higher prevalence of hyperaggression exhibited lower male activity and greater refuge use and thus lower mating activity and mating duration (all P < 0.005). Interestingly, a pool's initial BT was not significantly correlated to its prevalence of hyperaggressiveness in stage 2 (r = 0.174; df = 22; P = 0.416).
We next explicitly examined the e ects of variation in male and/or female behavior on variation in mating success. PCAs showed that for both males and females, PC1 accounts for 50-60% of the variation in behavior with positive loadings for activity (males: 0.58; females: 0.55) and negative loadings for Table 1  E 
ect sizes, determined from linear model coe cients, and 95% confidence intervals (CIs) for ANCOVAs examining the e ects of eHA, the proportion of time that a pool experienced a HAM, on several aspects of mating success for all males and non-HAMs, with block, stage stream, and pool as categorical factors
Mating activity
Mating duration aspects of microhabitat use that are associated with inactivity (i.e., use of ri es, males: −0.48, females: −0.37; use of refuges, males: −0.44, females: −0.43; or the edge microhabitat, males: −0.41, females: −0.40). ANCOVAs with PC1 scores for male behavior and female behavior as covariates showed that variation in male behavior explains variation in mating activity, mating frequency, and mating number (P < 0.001 for all 3 variables), whereas variation in female behavior had no significant e ect (P > 0.8 for all 3 variables). Pools with high mating success tended to be pools where males were more active and less often in ri es, refuges, or on the edges. ANCOVAs also showed an assortment of block, stage, stream, and pool e ects on various variables. Block and stage e ects appear to largely reflect week-to-week variation in weather (temperature, wind, and precipitation). Stream e ects reflect the fact that streams along the perimeter of the site tended to be more exposed to wind, which tended to reduce activity and mating, and pool e ects reflect the fact that surface water flow was higher further upstream, so the pool furthest downstream (pool 4) tended to have less mating probably due to reduced surface water flow.
Relative mating success of HAMs versus non-HAMs
As noted above, the increased prevalence of HAMs in a given pool was associated with reduced average mating success for the group overall; that is, group selection is against hyperaggressiveness. A key complementary question is whether individual selection favors HAMs within a given pool. Do HAMs in a given pool have higher mating success than other males in that same pool? Paired t-tests showed that across all pools with HAMs, there were no significant di erences in mating success between HAMs and non-HAMs in the same pool (mating activity: t = 0.78, P = 0.44; mating duration, t = −0.038, P = 0.97; mating frequency, t = 0.088, P = 0.93; mating number, t = −0.12, P = 0.90; df = 25 for all tests). However, the relative mating success of HAMs and non-HAMs in a given pool depended on the proportion of time that the HAM was hyperaggressive (iHA; Figure 2 ). Increased iHA was associated with reduced mating activity, mating frequency, and mating number in non-HAMs (Table 1 ) but had no significant e ect on the mating frequency of the HAM (Figure 2) . Thus, the relative mating success of HAMs compared with non-HAMs increased as iHA increased.
Males that were only occasionally hyperaggressive tended to have lower mating success than other males in their pool, whereas males that were more frequently hyperaggressive tended to have slightly higher mating success than other males in the same pool.
DISCUSSION
Our study is among the few to experimentally test a central premise of game theory on contests and aggression-that the mix of BTs in a social group a ects group social dynamics and thus individual and group outcomes (Sih and Watters 2005; Eldakar, Dlugos, Pepper, et al. 2009; Eldakar, Dlugos, Wilcox, et al. 2009; Eldakar et al. 2010; Cote et al. 2011; Eldakar and Gallup 2011; . Intriguingly, we found that contrary to the basic premise of game theory, the group's average male BT (combining activity and aggressiveness of individual males) had little or no significant e ect on the group's average actual behavior (male or female activity, aggression, and microhabitat use) or mating success. Further analysis revealed, however, that this was due to the overriding negative impact of HAMs on other individuals in the group. The presence of HAMs caused other males to reduce their activity, aggression, and use of open microhabitats, and thus HAMs suppressed the group's overall mating activity. Interestingly, HAMs had little or no significant e ect on female behavior. With or without HAMs present, females tended to be found in protected areas, suggesting that they were hiding from male harassment. Although HAMs substantially reduced the mating success of other males in their group, because HAMs also had low mating success, HAMs and other males in the same pool that were not hyperaggressive did not significantly di er in mating success. Below, we discuss the implications of these results in more detail.
Following the basic premise of game theory-that the mix of BTs in a social group a ects outcomes-our a priori prediction was that groups made up of more active-aggressive males should show more activity and aggression, less time in ri es, refuges, or along edges, and more time out in the open water. Assuming that much of the activity out in the center represents a search for females, then groups of more active-aggressive males should show higher mating activity, including more mating events (higher mating frequency) with more di erent females (higher mating number) and perhaps longer mating durations. Most of these predictions were not upheld largely because of the emergence of HAMs that suppressed the activity and mating success of other males. This illustrates a simple insight-that although game theory posits that the mix of BTs in the group a ects the fitness of each BT (e.g., the fitness of aggressive hawks and unaggressive doves depends on the relative frequency of the 2 types in the group), here, and probably in most systems, the mix of BTs also a ects the behavior of each individual. That is, individuals exhibit social plasticity relative to the mix of BTs in their social group (Sih and Bell 2008; Dingemanse et al. 2010; White et al. 2012) . Although the existence of social plasticity is perhaps obvious, gaining additional quantitative data on patterns of social plasticity and integrating more realistic social plasticity into game models could provide insights for social behavioral ecology. Here, we analyzed average group responses to HAMs. In a separate paper, we focus on individual di erences in male and female responses to HAMs, and more generally, to the mix of BTs in the group.
Figure 2
Comparisons of log mating frequency for HAMs (dark blue line) and non-HAMs (light blue line), where the x axis indicates the log proportion of time HAMs were hyperaggressive or the log proportion of time a non-HAM eHA, respectively. An increase in time spent being hyperaggressive had no significant e ect on the HAMs own mating frequency (P = 0.39) but was associated with a decrease in the non-HAM's average mating frequency (r = −0.55, P = 0.03). Also shown is the HAM advantage illustrated as the relative di erence in mating frequency between HAMs and non-HAMs (brown line); HAMs tended to have lower mating success than non-HAMs unless they were hyperaggressive for large proportions of time. The horizontal dashed line indicates when HAMs and non-HAMs have equal mating frequencies.
Hyperaggressive water strider males that have strong disruptive e ects on social dynamics resulting in strong negative impacts on mating success are an example of what Sih and Watters (2005) termed a keystone individual, an individual that has a disproportionately large e ect on group dynamics or group performance. Several well-known examples of keystone individuals involve systems with complex societies of cognitively sophisticated animals where keystone individuals have strong positive e ects on their group; for example, individuals who act as conflict mediators within a group (pig-tailed macaques- Flack et al. 2006) , as a bridge between groups (dolphins-Lusseau and Newman 2004), or as "living historians" within a group (African elephants-McComb et al. 2001; Archie et al. 2006) . In humans, large literatures exist on both positive keystone individuals (e.g., leaders, Avolio et al. 2009 ) and ones that have strong negative impacts on groups (e.g., "bad apples," Felps et al. 2006) .
In our case, we documented e ects of a negative keystone individual in a relatively simple social system with no dominance hierarchy or a liative interactions besides mating per se. In particular, we emphasized the importance of a keystone BT-the HAM. Although numerous anecdotes appear to exist on keystone, hyperaggressive individuals disrupting social dynamics in other systems besides water striders, few studies have quantified their impacts. Further study of the determinants and consequences of keystone individuals should prove insightful both for understanding and potentially managing social systems (e.g., for conservation, zoo management, and reintroductions).
The strong negative e ects that keystone HAMs have on mating success in their local group is a key component of multilevel selection on aggressiveness, a classic issue in animal behavior where higher aggression can be beneficial for an individual, but detrimental for the group (Wilson and Wilson 2007) . Eldakar, Dlugos, Wilcox, et al. (2009) had the insight that, in particular, sexual conflict where highly aggressive males have higher mating success than other males in the group (individual selection favors hyperaggressiveness), but harm the group (group selection is against male hyperaggressiveness) might represent an example of the "tragedy of the commons." Their examination of multilevel selection in water striders found support for this "tragedy of the commons" scenario. In their study, a higher frequency of HAMs in a pool was associated with reduced mating success of both HAMs and non-HAMs, but in any given pool, HAMs tended to obtain more mates than non-HAMs. Although HAMs had more matings in their local group, because groups with HAMs produced fewer o spring, group selection against hyperaggressiveness allowed non-HAMs to not only persist but to be much more common in the overall population (Eldakar, Dlugos, Wilcox, et al. 2009 ).
Our findings, however, did not corroborate Eldakar, Dlugos, Pepper, et al. (2009) and Eldakar, Dlugos, Wilcox, et al. (2009) in that the males we defined as HAMs were not observed to have consistently higher mating success relative to other males in his pool. In our study, HAMs often spent so much time chasing and struggling with other males or pairs that they missed mating opportunities with females that ventured or fell from refuges into the pool. The only males that showed some tendency to have higher mating success than other males in the pool were those that spent a particularly high proportion of the time being hyperaggressive while single. Those HAMs did not actually increase their own mating success; instead, they drove down the mating success of other males such that there was little overall mating in the pool (Figure 2) .
A key reason why our results di ered from Eldakar, Dlugos, Pepper, et al. (2009) and Eldakar, Dlugos, Wilcox, et al. (2009) might be because our studies di ered in their definitions of a HAM.
Following our earlier, original definition (Sih and Watters 2005) , we defined hyperaggression based on the HAM's tendency to exhibit repeated struggles with not just females, but with other males and pairs. About 10% of our males were HAMs, with a HAM appearing in about 40% of our pools. In contrast, Eldakar, Dlugos, Wilcox, et al. (2009) considered males to be HAMs if they were in the top 22% in terms of general aggressiveness (toward females, males, or pairs) with no reference to the tendency to engage in extended struggles with males or pairs. Many of these aggressive males would not be hyperaggressive by our definition (if they did not struggle with males or pairs), and some of our HAMs would not be hyperaggressive by their definition (if, e.g., they chased everyone else into hiding and thus had few interactions). Thus, although the results appear superficially to be contradictory, both can be correct. Individual selection apparently favors being highly aggressive (Eldakar, Dlugos, Wilcox, et al. 2009 ), but not being hyperaggressive, as defined by the tendency to forcibly attempt to mate with males or pairs (Sih and Watters 2005; this paper) . Unfortunately, because our data collection methods di ered, we cannot identify HAMs by their definition and thus cannot directly examine how the definition of a HAM a ects qualitative results.
If HAMs (by our definition) are not favored by either group or individual selection, what explains their existence in the population? Eldakar, Dlugos, Wilcox, et al. (2009) suggested a hypothesis where a benefit of aggression in an earlier life stage might carryover to explain high adult male aggressiveness. This is a behavioral syndromes hypothesis Sih, Bell, Johnson, and Ziemba 2004) . A conceptually similar idea appears to explain the persistence of excessive sexual cannibalism (a highly aggressive behavior) in female fishing spiders where selection favoring high aggressiveness and feeding voracity in juvenile spiders spills over to result in excess aggressiveness in adults (Arnqvist and Henriksson 1997; Johnson and Sih 2005; Johnson and Sih 2007) . Although Eldakar, Dlugos, Wilcox, et al. (2009) did not observe a relationship between feeding and aggression in juvenile water striders, others have found that more aggressive individuals (in particular, females during the nonmating season) enjoy higher feeding success (Kaitala and Dingle 1993; Blanckenhorn and Perner 1994; Blanckenhorn et al. 1998 ). The key hypothesis that juvenile aggressiveness or aggressiveness during the nonmating season is positively correlated with aggressiveness during the mating season remains to be tested.
Alternatively, HAMs might persist if aggressiveness carries over across contexts, and high aggressiveness is favored in other ecological or social conditions. For example, although HAMs did not do well at the medium water strider densities in the current experiment, it is possible that their extremely high aggressiveness and motivation to mate could be favored at lower densities where there should be stronger selection favoring high activity to find females and high motivation to engage in sexual coercion to overcome female resistance. In particular, earlier work showed that at low density, females tend to resist male mating attempts more heavily than at higher densities where ongoing male harassment appears to overwhelm female resistance (Sih and Krupa 1995; Lauer 1996) . Alternatively, the relative benefit of being a HAM could depend on pool size. Recent unpublished studies in our lab showed that in smaller pools, some males are able to drive other males from the water and thus gain uncontested access to females. The general suggestion is that multilevel sexual selection on aggressiveness in water striders (and in other systems) likely varies depending on social and ecological conditions such as density, sex ratio, and pool size.
Another important issue for understanding multilevel selection on aggression involves elucidating the behavioral mechanism underlying the negative e ects of HAMs on the overall group; for example, do HAMs reduce the group's mating activity by suppressing the behavior of other males, or of females, or both? Sih and Watters (2005) found that HAMs reduced overall group mating success largely because females were driven from the pool into ri es where less mating occurs. This could, in principle, favor alternative mating tactics like more mating e ort by other males in ri es or avoidance of HAMs by both other males and females via dispersal to other pools. In contrast, in the present study, we found that HAMs reduced group mating success by inducing significant reductions in the activity, aggression, and use of the center habitat by other males, but with little or no change in the behavior (including ri e use) of females.
A possible explanation for why HAMs caused a substantial increase in female use of ri es in Sih and Watters (2005) , but not in the present study, revolves around a large di erence between the studies in female use of ri es in groups without HAMs. In the earlier study, single females in groups without a HAM spent only 4% of their time in ri es. The presence of a HAM increased this to about 40%. In contrast, in the present study, single females in groups without a HAM already spent 37% of their time in ri es. The presence of a HAM did not significantly increase female ri e use that was already quite high. Although it is possible that small di erences in the details of the study setup (e.g., in the location of the partitions in the ri es) could explain this striking di erence in female use of ri es in groups with no HAM, we suggest that a key is the di erence in mean male density in the 2 studies. Sih and Watters (2005) had only 4 males per pool, whereas the present study had 6 males per pool. Apparently, 6 non-HAMs can harass single females enough to drive more than a third of them out of pools into hiding in the adjoining ri es, whereas 4 non-HAMs were not enough to have that e ect. Overall, we suggest that these patterns reflect an interplay between direct negative impacts of HAMs on both single and paired females (tending to drive them into ri es) versus an indirect positive e ect of HAMs on females (allowing them to stay in pools) via the fact that HAMs suppress harassment of females by other males. When non-HAMs do not harass females much-either because the density of non-HAMs is relatively low (Sih and Watters 2005) or because the females are paired (the present study)-then the direct negative e ect of HAMs on females dominates (females increase their use of ri es). In contrast, when males are abundant and non-HAMs harass females enough to drive them into ri es, then the direct negative e ect of HAMs on females is o set by the indirect positive e ect of reduced harassment by other males, with the overall result that HAMs have no significant e ects on females. Interestingly, this "enemy of my enemy can be my friend" scenario (that is common in community ecology, Strong 1992) mirrors earlier studies showing that predators can have little overall e ect on female behavior when their direct negative e ects are o set by indirect positive e ects (particularly at high male density) through predator-induced suppression of male harassment of females (Sih and Krupa 1995; Haskins et al. 1997) .
In closing, we suggest that this study illustrates the value of doing experimental work integrating the concepts of behavioral syndromes, social plasticity, and multilevel selection in variable environments to better understand both mating and social dynamics and variation in both individual and group fitness outcomes. Further empirical and theoretical work along these lines should prove insightful.
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